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hypothesis that the function of the FuHC is the preven-
tion of genetic homogenization of Botryllus populations.
However, one could argue that this interpretation repre-
sents a form of group selection, an idea that has fallen out
of favor with population geneticists. Specifically, the hy-
pothesis assumes that the individual genomes ‘‘know’’
somehow what is good and what not for the population
(species), which, of course, is difficult to rationalize in bi-
ological terms. If selection is to be invoked, it has to ben-
efit the individual and only indirectly the species. So, it
would be necessary to demonstrate that the stem cell
‘‘parasitism’’ is bad for the individual. In mammals, chi-
merism is known to restrict the ability of some of the chi-
meras to reproduce (Owen, 1945), but since in tunicates
each colony can give rise to both testes and ovaries,
such a handicap should not result from the chimeric con-
dition. Hence, the challenge ahead is to identify the dis-
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4Structural Analysis Sheds Light
on APC/C-Mediated Ubiquitylation
In the December 22nd issue of Molecular Cell, two
groups report refinedcryo-electronmicroscopic struc-
tures of the APC/C atw20 A˚ resolution. They also re-
veal important new features including multiple copies
of subunits, dimerization and structural flexibility of
the APC/C, which give a hint to solve the mechanisms
of the APC/C-dependent ubiquitylation.
The anaphase-promoting complex/cyclosome (APC/C)
is an essential E3 ubiquitin ligase in the cell cycle, which
ubiquitylates Cut2/Pds1/securin to initiate sister chro-
matid separation and cyclin B, allowing exit from mito-
sis. Since its discovery last decade, the APC/C has
been studied extensively and has proven, with cyclin-
dependent kinases (Cdks), to be a key regulator of the
cell cycle. In addition, there is increasing evidence that
the APC/C regulates non-cell cycle events such as de-
velopment, signaling, neurogenesis, and transcription,
highlighting the possibility that the APC/C has as yet un-
identified functions other than ubiquitylation. Thus, it is
very fascinating to understand how the APC/C works in
the cell cycle as well as more generally in the cell. Obvi-
ously, the most important role of the APC/C is to cata-
lyze polyubiquitylation: the transfer of ubiquitin mole-
cules from an ubiquitin-conjugating E2 enzyme (Ubc4
or UbcH10) onto lysine residues in specifically recog-
nized substrates. Repeating this ubiquitin-transfer cycle
allows the formations of polyubiquitin chains. These
polyubiquitylated substrates are subsequently recog-
nized and destroyed by 26S proteasome, thus, in short,allowing the APC/C to control the turnover of substrates
as well as regulate the cell cycle transitions.
The APC/C belongs to the RING E3 ubiquitin ligase
family, which includes Ubr1, c-Cbl, and the Skp1-Cullin1-
F-box (SCF) complex. Of them all, the APC/C is excep-
tionally complex and is a large particle (1.5MDa) consist-
ing of at least 12 conserved subunits, although the role of
each subunit remains elusive. Some studies have hinted
at functions: Apc11, a RING finger protein, binds to the
Cullin homology protein Apc2 to form the catalytic cen-
ter; however, this does not provide substrate specificity.
Four other subunits have a tetratricopeptide repeat
(TPR) domain, which is involved in protein-protein asso-
ciation. Since other E3s such as Ubr1 and c-Cbl function
as a single subunit, it appears that the APC/C uses mul-
tiple subunits to regulate substrate specificity and to
accomplish various tasks in the cell. Moreover, to be
fully active, the APC/C requires activator proteins, the
Fizzy family of proteins, which are characterized by
their C-terminal WD40 repeats. Cdc20/Fizzy is required
for APC/C activity in anaphase, whereas Cdh1/Fizzy-
related functions from late anaphase to G1. Cdh1/Fizzy-
related has recently been proposed to recruit substrates
to the catalytic center of the APC/C by directly binding to
both an APC/C substrate and the TPR subunit Apc3
(Burton et al., 2005; Kraft et al., 2005). On the other
hand, other reports have asserted that the APC/C can
bind to its substrates independently of Cdc20/Fizzy
(Carroll et al., 2005, Passmore et al., 2003, Yamano
et al., 2004). Therefore, the molecular mechanism of
how the APC/C works with the activator proteins is not
clearly understood. Another regulation of the APC/C in-
volves chemical modifications of its subunits. Mitotic
phosphorylation by Cdks is, for instance, required for
the APC/C activity (Lahav-Baratz et al., 1995); however,
the role of phosphorylation has remained a mystery. It
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5might, for example, induce conformational changes
within the subunits to activate the APC/C.
To resolve these issues, the structural study of the
APC/C is essential. Compared with a large number of
studies on its biological functions and substrates, very
few studies have focused on the structural and biophys-
ical aspects of the APC/C itself. Among those few pa-
pers, Gieffers et al. (2001) provided the first cryo-EM im-
ages of the APC/C. The image gave an insight into the
catalytic mechanism. Two papers in the December is-
sue of Molecular Cell (Dube et al., 2005; Passmore
et al., 2005) report the refined cryo-EM structures of
the APC/C at w20 A˚ resolution, which were carefully
prepared from HeLa cell, Xenopus egg, and yeast ex-
tracts. They estimate that the size of the APC/C is about
2303 2003 200 A˚, and its molecular mass is about 1.5–
1.7 MDa. Consistent with this, they find that some sub-
units have multiple copies. Using the nanogold labeling
technique, Passmore et al. (2005) show that the TPR
subunit Apc8/Cdc23 clearly gives two signals on the
cryo-EM reconstruction. Intriguingly, both groups re-
port that the APC/Cs have a similar asymmetric heart-
shaped (V-shaped) conformation consisting of outer
walls and an inner cavity. Previously, Gieffers et al.
(2001) highlighted that the inner cavity was wide open
and accessible from the outside, suggesting that ubiq-
uitylation might occur in the internal cavity of the
APC/C. In contrast, their new studies show that the cen-
tral cavity is covered by the outer walls and is only con-
nected to the exterior through several channels. More-
over, Apc11 and Apc2, which form the catalytic center,
are shown to be located at the outer surface of the
APC/C, suggesting that ubiquitylation occurs on the
outside. In agreement with this, Dube et al. (2005) map
Cdh1/Fizzy-related, which binds to the substrate, to
the outer concave region of the APC/C and close to
location of Apc2. It is thus essential to understand the
topology of all subunits in the APC/C. Notably, both
groups report significant structural flexibility between
domains in the APC/C, which may be of biological rele-
vance. Dube et al. (2005) show that the binding of Cdh1/
Fizzy-related protein induces conformational changes
in the head domain. Ultimately, the crystallization of
APC/C-Cdh1/Fizzy-related with a substrate will be re-
quired to address many questions, including how the
APC/C recognizes the substrate, although it may be dif-
ficult because of the flexibility and complexity.
It has been suggested that a high dissociation rate
of the E2 enzyme Cdc34 is important for the efficient
substrate ubiquitylation by the SCF complex (Deffen-
baugh et al., 2003). How does the APC/C find the end
of the polyubiquitin chain on the substrate and add an
ubiquitin to elongate the chain? The new finding thatApc11 and Apc2 are located at the exterior of the
APC/C suggests that the APC/C might carry out the cat-
alytic reaction in a relatively wide space, which allows
free access of the ubiquitin-charged E2 and substrates
to the catalytic center. It is noteworthy that the activator
(Cdc20/Fizzy or Cdh1/Fizzy-related) is not a stoichio-
metric component of the APC/C and its dissociation
rate seems to be high. This dynamic interaction might
be important and explain the efficient ubiquitylation
by either recruiting substrates rapidly or by facilitating
the catalytic activity. The mitotic checkpoint complex
(MCC) may inhibit such a process to prevent premature
activation of the APC/C to coordinate bipolar spindle
formation and sister chromatid separation. Another im-
portant finding by Passmore et al. (2005) is that yeast
APC/C forms both monomeric and dimeric species,
and the dimeric APC/C is more active than the mono-
mer. It would be interesting to know when and how mo-
nomeric APC/C forms a dimer in vivo, and how the di-
meric APC exhibits greatly enhanced ubquitylating
activity. There is no doubt that these structural studies
shed light on the mechanism of the APC/C-dependent
ubiquitylation; however, they also raise more questions
for the future.
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